Scrapie is a fatal neurodegenerative disorder of sheep and goats characterized by accumulation of prions, novel transmissible agents largely composed of prion protein (PrP) PrP-Sc, an abnormally folded isoform of the normal cellular PrP, PrP-C (20) . Ovine scrapie is the prototype for a heterogeneous group of PrP-Sc-associated disorders, notably, bovine spongiform encephalopathy (BSE) (28) and the related human disorder, variant Creutzfeldt-Jakob disease (30) . BSE has a broad experimental host range and has possibly been transmitted to domestic cats (1) and to a variety of nondomestic felids, ruminants (27) , and nonhuman primates (2) in zoological parks. PrP-Sc accumulation is also noted in chronic wasting disease of captive and free-ranging mule deer, white-tailed deer, and elk in limited areas of the United States (4, 31) .
Ovine scrapie is endemic in many parts of the world, and control measures have been hampered by the long incubation time and the lack of a preclinical or live-animal diagnostic test. Scrapie is diagnosed by detection of neuronal vacuolation and degeneration in formalin-fixed tissues of the central nervous system and by immunohistochemical detection of PrP-Sc in the brains of sheep (14) . Immunohistochemistry assay is particularly useful for the diagnosis of scrapie in sheep early in the clinical stage of the disease, when histologic changes are mild, or for examination of autolyzed tissues. Immunoassay for PrP-Sc is also useful for identification of sheep in the preclinical stage of the disease because PrP-Sc (10, 23) accumulates in peripheral lymph nodes well before involvement of the central nervous system (CNS). A transmissible agent was detected in the tonsil, retropharyngeal lymph node, and mesenteric portal lymph node of naturally infected Suffolk sheep in the United States at age 10 to 14 months (5), with clinical signs typically appearing at 35 to 45 months of age (32) . In clinically normal Swifter ϫ Texel crossbred lambs that are homozygous for PrP scrapie susceptibility genotype 136VV171QQ and that typically develop clinical signs at 25 months of age, PrP-Sc was detected in the tonsil, occasionally as early as 4 months of age (23) .
On the basis of these observations, antemortem and preclinical postmortem diagnostic tests based on detection of PrP-Sc in peripheral lymphoid tissue have been proposed (10, 21, 23) . PrP-Sc colocalizes with PrP-C in lymphoid tissue germinal centers (13) . Assay conditions which differentiate between the isoforms include formalin fixation, which reduces PrP-C reactivity, followed by formic acid and heat pretreatments, which enhance PrP-Sc reactivity (7, 12) . Under these conditions, immunohistochemistry assay of peripheral lymphoid tissue with standardized reagents would allow screening of flocks of live sheep and surveys of clinically normal mature sheep culled through slaughter channels. Slaughter and necropsy samples typically include the brain at the level of the obex as well as the tonsil and retropharyngeal lymph node, the extraneural tissues with the earliest and most abundant accumulation of PrP-Sc and the highest titer of a transmissible agent (5, 25) . Nictitating membrane ("third eyelid") lymphoid tissue can be collected under local anesthesia and has been proposed as a readily accessible source of lymphoid tissue from live animals (16) . In this study, a monoclonal antibody (MAb)-based immunohistochemistry assay for PrP-Sc in third eyelid-associated lymphoid tissue of sheep was evaluated to begin validation of this assay as a preclinical antemortem diagnostic test for scrapie.
MATERIALS AND METHODS
MAb F89/160.1.5 and MAb F99/97.6.1 production. A previously characterized MAb, MAb F89/160.1.5 (16) , was produced in an artificial capillary cell culture system (CellMax; CellCo Inc.). Supernatants were clarified by low-speed centrifugation and were stored at Ϫ80°C. This antibody binds to an epitope that includes ovine residues 142 to 145 (amino acid sequence, IHFG).
MAb F99/97.6.1 was generated by immunization with a synthetic peptide, NH 2 -CITQYQRESQAYYQR-COOH, representing residues 217 to 231 of the ovine PrP (9), coupled to maleimide-activated keyhole limpet hemocyanin (Pierce Chemical Company). Five 6-week-old BALB/c mice were each inoculated subcutaneously in two sites with a total of 10 g of conjugated peptide emulsified in 200 l of Freund's complete adjuvant. Two booster inoculations of 10 g of conjugated peptide in 200 l of Freund's incomplete adjuvant were administered at 14-day intervals. Three days before cell fusion, mice were immunized intravenously with 10 g of conjugated peptide in phosphate-buffered saline without adjuvant. Cell fusion and cloning by limiting dilution were performed by standard protocols (33) . Supernatants from primary and cloned hybridomas were screened by recombinant ovine PrP-C enzyme-linked immunosorbent assay (17) . Clone 6.1 from cell line F99/97 was selected and transferred to an artificial capillary cell culture system (CellMax; CellCo Inc.) for in vitro production of the MAb supernatant. The heavy-chain isotype was identified by enzyme-linked immunosorbent assay and MAb concentration by immunodiffusion. Epitope analysis was performed with overlapping hexamers bound to nitrocellulose (PepScan) detected by enhanced chemiluminescence. Specificity was determined by immunohistochemistry assay with brain (obex) and lymphoid tissue (tonsil) sections from infected and uninfected sheep.
Samples from infected and uninfected control sheep. Positive controls included third eyelids from sheep in the United States and the United Kingdom with clinical signs compatible with scrapie. Sheep were submitted for necropsy following clinical diagnosis on the basis of behavioral changes, ataxia, wool loss, pruritis, or weight loss. Scrapie was diagnosed in sheep from the United Kingdom by conventional histologic examination of the brain stem at the level of the obex. Scrapie was diagnosed in U.S. sheep by histology and immunohistochemistry assays of brain tissue (15) . Breeds, when reported, included Suffolk, Hampshire, and Southdown (U.S. sheep) and Welsh, Cheviot, Finn Dorset, Suffolk, Romney, Vendeen, Clun, Bleu de Main, Swaledale, Cambs, and Charollais and crosses of these breeds (for samples from sheep from the United Kingdom). Eyelid biopsy specimens collected from sheep in three U.S. flocks with no reported exposure to scrapie were used as negative controls.
Samples from clinically normal sheep in scrapie-exposed flocks. To determine the characteristics of this assay with sheep early in the course of the disease, the third eyelid test was evaluated with clinically normal sheep in 14 U.S. flocks with a confirmed history of scrapie. Breeds, when reported, included Suffolk, Southdown, and Suffolk crossbred sheep. Only sheep 14 months of age or older were included in this study. Sheep were sampled at necropsy following euthanasia in scrapie control programs or by antemortem biopsy with subsequent transfer to quarantine facilities for observation until death from any cause. Brains, third eyelid lymphoid tissues, tonsils, and lymph nodes (minimally retropharyngeal and submandibular) were collected at necropsy from all sheep. Sheep were defined as having scrapie on the basis of detection of PrP-Sc in the medulla oblongata at the level of the obex. Sheep were defined as not having scrapie if PrP-Sc was not detected by immunohistochemistry assay of brain and tonsil tissue and retropharyngeal and submandibular lymph nodes. Sheep over 14 months of age that met this definition are likely to be uninfected but may be in the first 14 months of infection. The lymph nodes but not the brains of small number of sheep that died from other causes or euthanatized in control programs were positive by immunostaining. These probably represent animals with early cases of scrapie, but they were excluded from this study because their scrapie status could not be determined in the absence of validated lymphoid tissue-based diagnostic tests.
Postmortem third eyelid lymphoid tissue sampling. Lymphoid tissue was prepared by one of two techniques from third eyelids collected at necropsy.
(i) Method I. Third eyelids were removed at necropsy and placed bulbar surface upward on a card before fixing the tissue in buffered formalin for periods between 1 and 22 days. The third eyelids were then cut into strips 2 to 3 mm wide, processed, and embedded edge on in paraffin wax, with several pieces to a block. Eleven of 31 samples contained less than four germinal centers and were not included in this study.
(ii) Method II. The entire third eyelid was collected from necropsy specimens. Cartilage from the center and the medial edge of the third eyelid was removed with curved iris scissors, and the remaining tissue was positioned intact in the cassette for routine processing. The tissue was positioned in the paraffin block with the bulbar surface placed toward the eventual cutting surface of the paraffin block. This technique yielded at least four germinal centers per section for approximately 85% of the postmortem samples collected during the past 2 years.
Antemortem biopsy specimen collection and handling. Third eyelid lymphoid tissue biopsy specimens were collected as described previously (16) . Briefly, one eye was pretreated with topical proparacaine approximately 10 min before sampling and again at the time of sampling. The sheep were restrained in a semireclining position, preferably in a chute or a portable restraint apparatus such as that used for hoof trims (Sheep Deck Chair; Premier 1, Washington, Iowa). The third eyelid was gently retracted with disposable forceps. The lymphoid tissue was visualized near the medial edge of the bulbar surface of the third eyelid as bilateral patches of raised, slightly pink tissue. One lymphoid patch was gently grasped with a second set of disposable forceps, and a partial-thickness biopsy specimen was collected with disposable curved Metzenbaum scissors. Antemortem biopsy specimens were positioned on nylon sponges in histopathology cassettes without further trimming. The percentage of biopsy specimens with at least four germinal centers varied among flocks and was usually dependent on the level of training provided to the veterinarians and the availability of a restraint apparatus for handling the sheep. Trained personnel testing 30 to 60 sheep in a day using a restraint apparatus have collected biopsy specimens in which 80 to 90% contain at least four germinal centers (Fig. 1a) , with many samples containing 12 to 15 germinal centers.
Immunohistochemistry assay. Slides with samples collected in the United Kingdom were stained by a standard protocol developed for PrP-Sc detection in CNS tissue (7) . Briefly, slides were dewaxed, rehydrated, and treated in 98% formic acid for 20 min prior to hydrated autoclaving for 30 min at 122°C. After blocking with normal goat serum (dilution, 1:66), sections were then immunostained with rabbit antiserum 971F diluted 1:8,000 or with MAb F89/160.1.5 diluted 1:2,000 (1.8 g/ml) and 1:4,000 (0.9 g/ml) at 4°C for 20 h. The sections were rinsed and treated with biotinylated goat anti-rabbit or rabbit anti-mouse (Vector Laboratories) immunoglobulin G (IgG) diluted 1:200, followed by treatment with Vector Elite ABC, and the color was developed with diaminobenzidine.
Sections from samples collected in the United States were immunostained by a capillary gap immunoassay method as described previously (15) or by automated immunostaining (Ventana Medical Systems). For the latter procedure, rehydrated sections were exposed to 98% formic acid for 5 min, washed in 0.01 M Tris-HCl (pH 7.6), and autoclaved at 121°C for 25 min in 0.1 M Tris-HCl (pH 7.6). Primary MAb F89/160.1.5 was applied at a concentration of 3 to 5 g/ml for 32 min at 37°C, followed by application of goat anti-mouse IgG for 8 min at 37°C and streptavidin-horseradish peroxidase for 8 min at 37°C and detection with 3-amino-9-ethylcarbazole-H 2 O 2 . Tissues from sheep with and without scrapie were used as controls with each run. Negative antibody controls included an unrelated mouse IgG1 MAb and MAb F89/160.1.5 absorbed with a 10-to 40-fold molar excess of the peptide immunogen. Slides were coded, and the results were read by at least two observers who had no knowledge of the sheep's clinical status or the flock of origin.
Replicate sets of 146 lymphoid tissues (third eyelid lymphoid, retropharyngeal lymph node, or tonsil tissue), composed of 88 samples from sheep without scrapie and 58 samples from sheep with scrapie, were immunostained by the Ventana method with MAb F89/160.1.5 alone (5 g/ml) or with a cocktail of MAb F89/160.1.5 and MAb F99/97.6.1 at 5 g of each antibody per ml.
Positive staining of third eyelid lymphoid tissue was identified as strong particulate and cytoplasmic staining in germinal centers of lymphoid follicles as described previously (16) (Fig. 1b) . Eyelid samples were considered positive if one or more follicles showed such staining. Samples were considered negative if no immunostaining was observed in samples that contained four or more germinal centers (Fig. 1c) .
Data analysis. Estimates of specificity and sensitivity were calculated separately for the clinically suspect sheep (see Table 1 ), for the clinically normal infected sheep (see Table 2 ), and for the uninfected sheep exposed to scrapie (see Tables 1 and 2 ). Exact confidence intervals were calculated at the 95% level.
Codon 171 genotyping. Whole blood in EDTA or frozen brain tissue was available from 119 sheep in this study. Following PCR amplification, codon 171 genotyping was performed by a DNA mismatch binding assay (GeneCheck Inc.) (3) or by restriction endonuclease digestion of PCR products amplified with primers modified to incorporate a restriction site at alleles encoding glutamine at position 171. The entire open reading frame of the PrP gene in 48 of these samples was determined by automated dideoxynucleotide sequence analysis.
RESULTS
Immunohistochemical analysis of third eyelid lymphoid tissues from sheep with and without scrapie. In the positive control group (Table 1) , 14 of 14 sheep with scrapie in the sample of sheep from the United Kingdom were considered positive by third eyelid immunohistochemistry assay. In two animals that were negative with antiserum 971F, positive staining was obtained with MAb F89/160.1.5. Six sheep were found to not have scrapie by routine histopathology of the brain. Five eyelid samples from these six sheep were PrP-Sc negative. In one animal, with no histologic evidence of scrapie, PrP-Sc was detected in the third eyelid. Without submission of additional lymphoid tissues, it cannot be determined whether the result for this animal represents a false-positive eyelid test or a truepositive test for an animal with an early case of scrapie, in which accumulation of PrP-Sc in lymphoid tissue preceded CNS involvement. Among the animals in the U.S. sample of sheep, 27 of 28 scrapie-infected sheep were considered positive by examination of third eyelid tissues. One sheep in the U.S. sample was found to have scrapie by histopathology assay of brain tissue and immunohistochemistry assay of brain tissue and lymph nodes, but the eyelid tissue was considered PrP-Sc negative. Eyelid biopsy specimens from all 48 sheep with no reported exposure to scrapie were considered PrP-Sc negative.
Immunohistochemical analysis of third eyelid lymphoid tissues from clinically normal sheep. The results of immunohistochemical analysis of third eyelids and scrapie status of the 161 clinically normal sheep in infected flocks are shown in Table 2 . One hundred twenty sheep were considered to not have scrapie on the basis of immunohistochemistry assay of the brain, tonsil, retropharyngeal lymph node, and submandibular lymph node. All 120 sheep were considered negative on the basis of third eyelid immunohistochemistry assay. Forty-one of 161 clinically normal sheep from infected flocks were diagnosed with scrapie by immunohistochemistry assay of brain tissue. Twenty-eight of the 41 sheep were sampled by eyelid biopsy and 13 sheep were examined at necropsy following depopulation of high-risk sheep in scrapie control programs. PrP-Sc was detectable in both the brains and the third eyelid sections of 27 of the 28 sheep biopsied and 9 of the 13 sheep sampled at necropsy. One sheep sampled by biopsy and four sheep from the depopulated flocks were positive by immunostaining of the brain but negative by immunohistochemistry assay of the third eyelid. Three of these five false-negative samples were from sheep with positive immunostaining of tonsil and retropharyngeal lymph nodes but not the third eyelid. Two samples with false-negative results were from sheep with positive immunostaining of the brain but not the tonsil, retropharyngeal lymph node, or submandibular lymph node.
The prognostic value of the test was evaluated with sheep held in quarantine facilities for observation following antemortem eyelid testing. In the study described in our previous report (17) , six clinically normal sheep with positive eyelid biopsy specimens progressed to clinical disease and were confirmed to have scrapie within 7 months of testing. In this study, we identified and quarantined an additional 45 eyelid biopsy-positive sheep and 10 eyelid biopsy-negative sheep from infected flocks. Twenty-seven eyelid biopsy-positive and one eyelid biopsy-negative sheep progressed to confirmed scrapie within 3 to 20 months following third eyelid biopsy. Seventeen sheep with positive biopsy specimens collected after July 1998 remain in quarantine; all sheep with positive biopsy specimens collected prior to July 1998 have died and were confirmed to have scrapie or were clinically affected as of May 2000.
Data from the sheep in this study provide a preliminary estimate of the diagnostic sensitivity and specificity needed to determine the theoretical number of samples required for complete validation (11) . The sensitivity of the assay with clinically suspect, infected sheep (Table 1 ) was 97.6% (95% confidence interval, 87.4 to 99.9%), and the sensitivity of the assay with clinically normal infected sheep ( Table 2 ) was 87.8% (95% confidence interval, 73.85 to 95.9%). The specificity of the test, estimated with data for the sample of 127 uninfected sheep exposed to scrapie in the United States and the United Kingdom (Tables 1 and 2 ), was 99.2% (95% confidence interval, 95.7 to Ͼ99.9%). Allowing a 2% error and a 95% confidence interval that preliminary estimates of 87% sensitivity and 94% specificity are correct, the minimum number of infected reference sheep for validation of the assay is 1,085 and the minimum number of uninfected reference sheep is 542 (11) . Large-scale trials of U.S. sheep, including both necropsy sampling and long-term quarantine of test-positive and testnegative sheep, are under way. The final sample size, particularly of uninfected reference sheep, will be considerably larger than the minimum to include variables such as breed, PrP genotype, age at sampling, and age at the time of presumed exposure to scrapie.
Comparison of third eyelid and tonsillar immunostaining. Tonsils were available from 9 sheep from the United Kingdom (3 uninfected and 6 infected sheep) and 47 U.S. sheep (31 uninfected and 16 infected sheep) and were immunostained by the same method used for the third eyelid samples. For all nine sheep from the United Kingdom there was agreement between the results for the third eyelids and the tonsils. For three U.S. sheep, the brains and tonsils were positive by immunostaining, but third eyelid tissues were negative. Results of third eyelid and tonsil immunostaining for the remaining 44 U.S. sheep were identical.
Immunohistochemistry of lymphoid tissues with a cocktail of MAbs F89/160.1.5 and F99/97.6.1. Paired slides of 146 lymphoid tissue sections (88 samples from sheep with scrapie and 58 samples from sheep without scrapie) were coded and immunostained by the Ventana method with MAb F89/160.1.5 alone (5 g/ml) or with a cocktail of MAb F89/160.1.5 and MAb F99/97.6.1 at 5 g of each antibody per ml. The level of agreement between the two staining methods was 100%, and the distribution of immunostaining of lymph nodes with the combination of MAb F89/160.1.5 and MAb F99/97.6.1 (Fig.  1b) did not differ from that observed with MAb F89/160.1.5 alone (17) .
PrP genotypes of clinically affected and preclinically affected infected sheep. All samples analyzed by DNA sequence analysis were homozygous for sequences encoding the epitopes for MAb F89/160.1.5 (amino acid sequence, IHFG; codons 142 to 145) and MAb F99/97.6.1 (amino acid sequence, QYQRES; codons 220 to 225). All sheep positive for PrP-Sc by immunostaining of brain or lymph nodes, whether from clinical sus- c PrP-Sc immunostaining of the medulla oblongata at the level of the obex (U.S. samples, n ϭ 28) or routine histopathology of brain (samples from the United Kingdom; n ϭ 14) was found for sheep with scrapie.
d No lesions characteristic of scrapie (samples from the United Kingdom, n ϭ 5 with a negative eyelid immunostaining result and n ϭ 1 with a positive eyelid immunostaining result) or the lack of detection of PrP-Sc in brain, tonsil, retropharyngeal lymph node, or submandibular lymph node (U.S. samples; n ϭ 1) was found for sheep without scrapie.
e Sheep from three flocks with no reported exposure to scrapie for the last 5 years. c Sheep with scrapie were positive by PrP-Sc immunostaining of the medulla oblongata at the level of the obex.
d Sheep were clinically normal when sampled and progressed to clinical disease and were confirmed to have scrapie 3 to 20 months after a positive result with an eyelid biopsy specimen. pects or clinically normal animals, were homozygous for glutamine at PrP codon 171 (171QQ), the previously reported genotype of naturally and experimentally infected U.S. Suffolk sheep (18, 19, 29) . However, there was considerable variation in alleles 136 and 154, and the sample size was insufficient to draw statistical conclusions of the significance of the peripheral PrP-Sc distribution in sheep of these genotypes. The association of particular genotypes with the accumulation of PrP-Sc in third eyelids, other lymphoid tissues, and brains of a large sample of U.S. sheep is under investigation.
DISCUSSION
Detection of PrP-Sc in the brain is a useful adjunct to histopathology for the diagnosis of ovine scrapie, and PrP-Sc detection in lymphoid tissue is particularly useful for the identification of scrapie-affected sheep during the early, preclinical stage of scrapie. The tonsil, third eyelid lymphoid tissue, and retropharyngeal lymph node accumulate PrP-Sc detectable by immunohistochemistry assay (17, 22) early in the course of infection and are suitable tissues for live-animal and postmortem examination of clinically normal sheep. Tonsillar tissue contains a larger number of germinal centers than third eyelid tissue and is therefore a preferred tissue for samples from slaughterhouses and necropsy evaluation of sheep without clinical signs of scrapie when paired with samples collected from the medulla oblongata at the level of the obex. The retropharyngeal lymph node may be collected more easily than the small ovine tonsil in some slaughter settings. Eyelid biopsy specimens from live sheep, readily collected with disposable instruments after the animals have received a topical anesthetic, are suitable for antemortem screening of flocks.
MAb-based assays are preferable to those based on rabbit or goat antisera, which cannot be standardized for widespread use due to limitations in quantity and specificity. However, use of an antibody with specificity restricted to a single epitope might lead to false-negative findings for sheep of some genotypes. MAb F89/160.1.5 binds to an epitope conserved in 15 of the 16 ovine PrP gene sequences deposited with GenBank (GenBank accession no. AF180389) but polymorphic at site 143 (H to R) in an allele identified in Dorset crossbred sheep. The addition of MAb F99/97.6.1 provides a reagent cocktail predicted to recognize all the reported ovine alleles, as well as the reported PrP alleles of cattle, humans, deer, elk, mink, domestic cats, kudu, bison, and a number of nonhuman primates, the species with naturally occurring transmissible spongiform encephalopathies (TSEs) or PrP-Sc accumulation. The single exception is the nyala (Tragelaphus angasi). Furthermore, at least one of these epitopes is found in most species of domestic and nondomestic ruminants, carnivores, and nonhuman primates for which PrP sequence data are available (see Appendix). The conservation of the epitopes recognized by MAbs F89/160.1.5 and F99/97.6.1 should make this reagent cocktail suitable for immunoassays of tissues from most species with naturally occurring TSEs and for surveillance of other species exposed to TSEs under field conditions or in zoological gardens.
Lymphoid tissue-based preclinical diagnostic testing is feasible for the subset of TSEs in which PrP-Sc accumulates in lymph nodes early in the incubation period, particularly ovine scrapie, chronic wasting disease of mule deer (24) , and variant Creutzfeldt-Jakob disease (8) . In contrast, the infectivity of the distal ileum of cattle experimentally infected with the BSE agent, probably within Peyer's patches (26) , has been confirmed, but detection of PrP-Sc by immunoassay of peripheral lymphoid tissues has not been reported. Furthermore, a subset of sheep with scrapie in this and previous studies (6, 25) showed accumulation of PrP-Sc or a transmissible agent in CNS tissue but not lymphoid tissue. The value of diagnostic tests for ovine scrapie based on detection of PrP-Sc in lymphoid tissue will depend in part on an emerging understanding of the pathogenesis of scrapie, including the relative effects of differences in breed and host genetics, the dose and route of infection, and the strain of the agent on the timing and degree of involvement of the third eyelid lymphoid tissue, tonsil, Peyer's patches, and CNS tissues.
The third eyelid test for PrP-Sc in live sheep is a practical, readily standardized assay that will be useful for the diagnosis of scrapie, in surveillance programs, and in research studies to determine the transmission, epidemiology, and pathogenesis of a naturally occurring TSE. Examination of a sufficiently large sample for precise determination of the diagnostic sensitivity and specificity of the assay as a diagnostic test for scrapie in U.S. sheep is in progress.
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APPENDIX
The following are species in which the PrP gene product contains the epitopes IHFG and/or QYQRES, corresponding to ovine residues 142 to 145 and 220 to 225 (sequences were derived from GenBank 
